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The band structures, current-voltage characteristics under solar illumination, and photovoltaic (PV)
properties of InxGa1xN/Si p-n heterojunction solar cells (SCs), as well as the effects of
spontaneous and piezoelectric polarization (Psp-PPZ) induced charges are investigated theoretically
and numerically. We find that the energy peaks on the conduction and valence bands could
exponentially reduce the diffusion currents and photocurrents, thus profoundly affect the PV
properties of the SCs. Except for large values, the Psp-PPZ induced interface charges have little
influence on the band structures and the PV properties. These results should be useful in analysis
and design for multijunction tandem InxGa1xN/Si SC devices. VC 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4824885]
Recent advances in growth and doping techniques for
InGaN alloys have made them an attractive candidate to real-
ize the multijunction (MJ) tandem solar cell (SC) structures
absorbing nearly the entire solar spectrum,1–6 due to their
continually tunable direct band gap spanning from 0.7 eV
(InN) to 3.4 eV (GaN).7,8 Moreover, the alloys also demon-
strate many other favorable photovoltaic (PV) properties
including high absorption coefficients, high carrier mobility,
and saturation velocities,9,10 as well as the superior radiation
resistance.11 On the other hand, because Si substrates are
plentiful, relatively cheap, large in area and rugged, addition-
ally, the band gap of Si (1.12 eV) is ideally suited for the bot-
tom layer of SCs, the InGaN (top layers)/Si (bottom layer)
structure is proposed to construct the SC devices.12 The first
challenge is the fabrication of n-In0.45Ga0.55N/p-Si junction
SC samples by molecular beam epitaxy (MBE) a few years
ago, and the measured open-circuit voltage VOC was 0.46V,
short-circuit current density ISC was 15.94mA/cm
2, fill fac-
tor, FF, was 0.62, and maximum energy conversion effi-
ciency gmax was merely 4.55%.
13 Although it have been
predicted by theoretical studies that the energy conversion
efficiencies above 30% should be achieved by 2-junction In
GaN/Si SCs,12 the experimental data of MJ InGaN/Si SCs
have not been reported yet so far.
Besides the experimental techniques, such as the growth
of high crystal quality InGaN layers upon Si substrates and p
doping for rich In InGaN, the clear understanding and theo-
retical prediction of device parameters for gaining excellent
PV characteristics are also important and effective in the
challenges to fabricate the InGaN/Si SCs. Up to now, most
of theoretical studies have focused on MJ structure SC mod-
els only using analytical methods available in homojunction
cases.1,2,12 However, the InGaN/Si interfaces are essentially
heterojunctions, whose discontinuous band structures will
affect the device transport properties. Furthermore, as group-
III-nitride materials with the wurtzite crystal structure,
InGaN alloys show inherent spontaneous polarizations Psp.
14
Additionally, the strains in InGaN grown on Si substrates
must give rise to piezoelectric polarizations PPZ resulted
from the lattice mismatch between InGaN and Si.14,15 Both
Psp and PPZ will induce interface charges and change the het-
erojunction band structures. The above two factors probably
have substantial influence on the PV properties of the
InGaN/Si SCs.
In this letter, we choose several InGaN/Si p-n hetero-
junction SC models with different In-Ga compositions and
Psp-PPZ induced sheet charges densities in the interfaces, and
carry out numerical calculations for band alignments,
current-voltage (J-V) characteristics under solar illumination
and typical PV properties of VOC, ISC, FF, and gmax, using
derived analytical formulas based on the fluid approximation
theories for semiconductor.16–18 The results show that the
n-InGaN/p-Si cells with low In contents hold higher gmax
than that of the n-Si/p-Si cell with a similar structure. The
influence of the heterojunction band structures on the PV
properties of the SC devices, and the effects of the Psp-PPZ
induced interface charges are analyzed from the theoretical
viewpoint. We find that the energy peaks on the discontinue
conduction band (CB) or valence band (VB), in some occa-
sions, will exponentially reduce both the reverse saturation
current densities Jd0 and photocurrent densities Jph, there-
fore, will remarkably affect the PV properties of the SCs. On
the other hand, it seems that the Psp-PPZ induced interface
charges do not seriously influence on the band structures and
the PV properties, except in the case of large sheet charge
densities. These results should be also valuable in the analy-
sis and design for MJ tandem InGaN/Si SC devices.
We focused on n-InxGa1xN/p-Si and p-InxGa1xN/n-Si
single junction (SJ) SC models to reveal basic features of
heterojunction SCs. The band gap Eg and the electron
affinity v of Si are 1.12 and 4.05 eV, respectively.16 The Eg
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of InxGa1xN with In content x was calculated by the equa-
tion Eg¼ 0.7xþ 3.4(1 x) 1.43x(1 x) eV, with a con-
stant bowing parameter of b¼ 1.43 eV.2 The corresponding
v was given by v¼ 5.8xþ 4.05(1 x)þ (1.43/2)x(1 x) eV.
Incident light at AM1.5 spectral conditions illuminates on
the top surface and penetrates the SC device from the
InGaN top layer (layer 1) to the Si bottom layer (layer 2).
The thicknesses of InGaN and Si layers were fixed at
d1¼ 0.5 lm and d2¼ 5000 lm, respectively. The accepter
and donor concentrations NA1 or NA2, and ND1 or ND2 were
taken equal to 1.0 1018 e/cm3 for convenience of data
comparisons (1.0 1018 e/cm3 is the typical ND of the
n-doping InGaN films synthesized by semiconductor manu-
facturing processes). The Fermi levels Ef1 and Ef2 could be
determined by Efj¼vj kBT ln (NCj/NDj) [or Efj¼ vj
Egjþ kBT ln (NVj/NAj)], j¼ 1 or 2, where vj is the electron
affinity, Egj is the band gap, kB is the Boltzmann constant, T
is the temperature, NCj and NVj are the effective density of
states (DOSs) in the conduction band and valence band,
respectively.16 We then obtained the Fermi level deference
VD¼Ef2 -Ef1. The effective dielectric constant eeff of
InxGa1xN was calculated from Eq. (1) based on the
Bruggeman effective medium approximation (EMA),19
where the dielectric constants eInN¼ 15.3, eGaN¼ 8.9,
x
eInN  eeff
eInN þ 2eeff þ ð1 xÞ
eGaN  eeff
eGaN þ 2eeff ¼ 0: (1)
The basic material parameters of Si and InGaN used
in calculations, including effective masses me and mh
(me_Si¼ 0.98, me_InGaN¼ 0.07, mh_Si¼ 0.16, mh_InGaN¼ 0.7
[m0]), mobility le and lh (le_Si¼ 1450, le_InGaN¼ 300,
lh_Si¼ 500, lh_InGaN¼ 50 [cm2/Vs]), Shockley-Read-Hall
lifetimes sSRH (sSRH_Si¼ sSRH_InGaN¼ 105 [s]), band-to-band
recombination coefficients B (BSi¼ 4.73 1015, BInGaN
¼ 7.5 1010 [cm3/s]), surface recombination velocities Se
and Sh (Se_Si¼ Se_InGaN¼ Sh_Si¼ Sh_InGaN¼ 106 [cm/s]), etc.,
could be found in Ref. 12 and the literatures therein. The other
parameters, such as minority carrier lifetimes se and sh, diffu-
sion coefficients Dn and Dp, diffusion lengths Ln and Lp, effec-
tive DOSs NC and NV, intrinsic carrier concentration ni,
etc., were calculated from above basic parameters.12,16 The
absorption coefficients a [lm1] used for Si and InGaN were
given by12
aSi ¼ 0:425 ðE EgÞ3 þ 0:757 ðE EgÞ2  0:0224 ðE EgÞ þ 104; 1:12 eV  E < 1:5 eV
¼ 0:0287 exp½2:72ðE EgÞ; E  1:5 eV; (2)
aInGaN ¼ 7:91 ðE EgÞ4  14:9 ðE EgÞ3 þ 5:32 ðE EgÞ2 þ 9:61 ðE EgÞ þ 1:98; E  Eg; (3)
where E is the incident photon energy. We set reflection coef-
ficients R¼ 0, and ignored series and shunt resistances in SCs.
All the data were obtained at the temperature of 300K.
The Psp of InxGa1xN was assumed as the linear
combinations of those of InN and GaN, namely, Psp¼ xPsp_InN
þ (1 x)Psp_GaN, where Psp_InN¼62.00 1013 e/cm2,
Psp_GaN¼61.81 1013 e/cm2.20 Here, we defined the
growth direction [0001] as the positive direction. The upper
or lower sign (þ or ) corresponds to the N-face or III-face
growth, respectively. Similarly, the lattice constant of
InxGa1xN was evaluated by aInGaN¼ xaInN þ (1 x) aGaN,
where aInN ¼ 3.54 A˚, aGaN¼ 3.19 A˚.20 The lattice constant
of (111) plane of Si aSi(111)¼ 3.84 A˚ calculated from
aSi¼ 5.43 A˚.16 Accordingly, the strain of InGaN grown on
(111) plane of Si was given by uxx ¼ aSið111Þ=aInGaN  1 (ten-
sile strain for uxx> 0). Using the formula PPZ ¼ 2d31
ðc11 þ c12  2c213=c33Þuxx,15 we obtained that the PPZ of
InxGa1xN is in the order of 610
15 e/cm2 (x¼ 0 1), where
the piezoelectric constant d31¼62.0 1010 cm/V,15,21 the
elastic modulus c11¼ 377, c12¼ 160, c13¼ 114, and
c33¼ 209GPa.22 The total polarization, Ptot¼PspþPPZ,
being also in the order of 61015 e/cm2. The Psp-PPZ induced
sheet charge density at the InGaN/ Si interface can be
expressed by Qs¼Ptot. In actual devices, Qs are usually in
the order of 6101261013 e/cm2, thus we selected the values
in the range of6101261015 for numerical calculations.
We derived analytical formulas to carry out the numeri-
cal calculations. A rigorous treatment was given for thermo-
dynamic equilibrium states. From the standard Poisson’s
equations16 and the proper boundary conditions involving
Qs, we solved the exact expressions of the Fermi level shift
energies eVD1 and eVD2 as follows:
ðe1=Lmin1Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kp1½expðb01Þ þ b01  1 þ kn1½expðb01Þ  b01  1
q
¼ ðe2=Lmin2Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kp2½expðb02Þ þ b02  1 þ kn2½expðb02Þ  b02  1
q
þ Qs;
j ¼ 1 or 2; b0j ¼
eVDj
kBT
; VD1 þ VD2 ¼ VD; L2pj ¼
ejkBT
2e2p0j
; L2nj ¼
ejkBT
2e2n0j
;
Lminj ¼ minðLpj; LnjÞ; kpj ¼ L2minj=L2pj; knj ¼ L2minj=L2nj;
n0j ¼ NDj  NAj þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðNAj  NDjÞ2 þ 4n2ij
q 
2; p0j ¼ NAj  NDj þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðNAj  NDjÞ2 þ 4n2ij
q 
2;
(4)
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where ni is the intrinsic carrier concentration, e is the elementary charge. The internal potentials V1(x1) and V2(x2) were also
strictly solved with an integral form as
ðbj
b0j
ð1Þjþ1Iðbj; b0j; kpj; knjÞdbj ¼
xj  x0
Lminj
; j ¼ 1 or 2; bjðxjÞ ¼ e
VjðxjÞ þ VDj
kBT
; x1  x0; x2 > x0;
Iðbj; b0j; kpj; knjÞ ¼
1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kpj½expðbjÞ þ bj  1 þ knj½expðbjÞ  bj  1
q ; (5)
where x0 is the position of the interface, and xj is the position.
Then, we obtained the heterojunctions band structures (CB
and VB), internal electric fields, majority and minority carrier
concentrations, and space charge distributions, etc.16–18
Because of the absence of exact solutions from the basic
equations, the current densities of Jd0 and Jph in nonequili-
brium states were dealt with in an approximate method as fol-
lows.23,24 Focusing on the energy barrier peaks on the energy
band (the thermodynamic equilibrium band in this letter), we
denote the peak energy on the CB (VB) by E CB_pk (EVB_pk),
the energy of p-side (n-side) flat band of CB (VB) by ECB_p
(EVB_n), Jd0 for electrons (holes) by Jd0_n (Jd0_p), and Jph for
electrons (holes) by Jph_n (Jph_p). If there is no energy peak
existing at the interface, or ECB_pECB_pk (EVB_nEVB_pk),
the expressions of Jd0 are the same as those in the homojunc-
tion cases (Ref. 16/Sec. 2.3, Ref. 17/Secs. 6.3–6.5).
Otherwise, when ECB_p<ECB_pk (EVB_n>EVB_pk), according
to the diffusion theory,23 Jd0_n (Jd0_p) derided from the homo-
junctions will be multiplied by an exponential function
exp(Ub/kBT), where the energy barrier Ub¼ECB_pk -ECB_p
(Ub¼EVB_n -EVB_pk). The diffusion current densities Jd are
calculated from Jd0 and exp(eVb/kBT), where Vb is the bias
voltage. On the other hand, the photocurrent densities Jph for
the homojunctions can be calculated by the method described
in Ref. 16/Sec. 13.9. The treatment for Jph_n (Jph_p) in the
case of heterojunctions is similar to that for Jd0_n (Jd0_p). The
calculation methods for the PV properties, such as VOC, ISC,
FF, and gmax, are given by Refs. 17 and 18.
The band structure of InxGa1xN/Si p-n heterojunction
SCs in thermodynamic equilibrium states at typical x with
Qs¼ 0, Qs¼61013 and 61015 e/cm2 are illustrated in Fig. 1.
We first discuss the case of n-InxGa1xN/p-Si type SCs. For
x¼ 0.15 in Fig. 1(a), the Fermi level Ef1>Ef2. When Qs¼ 0,
the Fermi level shift energies eVD1¼0.41105 eV,
eVD2¼ 0.34001 eV, the depletion widths W1¼ 27.607 nm,
W2¼ 28.490 nm, there is no peak on CB and VB in spite of a
band energy jump at the interface. Jd0 and Jph are similar to
those of homojunctions. For small jQsj ¼ 1013 e/cm2, there is
almost no change in the band shapes compared with those at
Qs¼ 0. When jQsj becomes the large value of 1015 e/cm2, the
band shapes are changed seriously, but it do not affect Jd0 and
Jph because of no energy peak on CB and VB. As x reaches a
critical value of 0.45 in Fig. 1(b), where Ef1Ef2, the CB and
VB are flattest, and there is no peak on them. When Qs¼ 0,
eVD1¼0.07099 eV, eVD2¼ 0.06928 eV, W1¼ 16.104 nm,
W2¼ 15.722 nm. The basic features of the x¼ 0.45 case are
similar to those of the x¼ 0.15 case, except that when
Qs¼1015 (þ1015) e/cm2, there is a peak appeared on CB
(VB), as well as ECB_p<ECB_pk (EVB_n>EVB_pk), as shown
in Figs. 1(b1)–1(b3) near the interfaces, which will reduce
both Jd0 and Jph. If x is more than 0.45, as shown in Fig. 1(c)
where x¼ 0.60, the relation between the Fermi levels is
reversed as Ef1<Ef2, When Qs¼ 0, eVD1¼ 0.05799 eV,
eVD2¼0.05888 eV, W1¼ 12.587 nm, W2¼ 12.576 nm, the
band structure is essentially different from that of the occa-
sions at x 0.45, because a peak appears on CB (VB), as well
as ECB_p<ECB_pk (EVB_n>EVB_pk), as shown in Figs.
1(c1)–1(c3) near the interfaces, hence Jd0 and Jph will be
exponentially reduced compared with homojunction cases.
The influences of nonzero Qs on the band shapes are just like
the case of x¼ 0.15, and the phenomenon of the reductions of
Jd0 and Jph is not changed. These results are valuable for
higher In contents. In the case of p-InxGa1xN/n-Si type SCs,
because generally Ef1<Ef2 for any x, the features of the
band structures are similar. A typical instance of x¼ 0.45 is
shown in Fig. 1(d). When Qs¼ 0, eVD1¼ 1.5679 eV,
eVD2¼1.0745 eV, W1¼ 50.968 nm, W2¼ 43.537 nm, the
bands are bended seriously due to the large VD, and the
energy peaks appear on CB and VB. Since ECB_p>ECB_pk,
Jd0_n and Jph_n are similar to those of homojunctions, while
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FIG. 1. Band structures of the InxGa1xN/Si p-n heterojunction SC models
in thermodynamic equilibrium states at various In contents x for several val-
ues of sheet charge densities Qs in the interfaces. (a) x¼ 0.15, (b) x¼ 0.45,
and (c) x¼ 0.60 for n-InGaN/p-Si junctions. (d) x¼ 0.45 for p-InGaN/n-Si
junctions. Insets (b1)–(b3) and (c1)–(c3) are the enlarged views of (b) and
(c) in the vicinity of the interfaces, respectively. The Fermi levels Ef are the
values at Qs¼ 0.
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because EVB_n>EVB_pk, Jd0_p and Jph_p will be exponentially
reduced. The influences of nonzero Qs on the band shapes
also resemble the case of x¼ 0.15 of n-InxGa1xN/p-Si type
SCs, and the features of Jd0_n, Jd0_p, Jph_n, Jph_p are similar to
those at Qs¼ 0.
In Fig. 2, we demonstrate the J-V characteristics of
InxGa1xN/Si p-n heterojunction SCs at different x from 0
to1, with various values of Qs under the illumination of AM
1.5G. The corresponding PV properties of VOC, ISC, FF, and
gmax are shown in Fig. 3. For the n-InGaN/p-Si type SCs dis-
played in Figs. 2(a), 2(b) and Figs. 3(a1)–3(d1), we obtain
excellent J-V characteristics and high gmax when x 0.45 in
the condition of Qs¼ 0, some of them are beyond those of
the n-Si/p-Si SC. The undamped ISC are resulted from the
fact that there is no energy peak on CB and VB, while the
small Jd0_n in the InGaN regions (due to large Eg) lead to the
large VOC. However, the Ohmic characteristics are not
observed even at x¼ 0.45.12,13 As indicated in the previous
paragraphs, the nonzero Qs almost do not affect the J-V char-
acteristics and PV properties in this case, except that when
x¼ 0.45 and Qs¼61015 e/cm2, ISC and gmax will be reduced
due to the appearance of the energy peaks on CB and VB.
Once x exceeds 0.45, the J-V characteristics and gmax de-
grade dramatically when Qs¼ 0. ISC decrease due to the
reductions of Jph as the result of the energy peaks on CB and
VB. Because both Jph and Jd0 are reduced, VOC have no large
changes for VOC / lnð1þ Jph=Jd0Þ. In the cases of nonzero
Qs, we notice that when x¼ 0.60 and Qs¼1015 (þ1015)
e/cm2, ISC and gmax are improved because of the decrease of
the peak energy barrier EVB_n – EVB_pk (ECB_pk - ECB_p) and
the increase of Jph_n (Jph_p), also see Figs. 1(c1)–1(c3). On
the other hand, for the p-InGaN/n-Si type SCs displayed in
Figs. 2(b), and 3(a2)–3(d2), the J-V characteristics and PV
properties of different x are roughly similar. As explained in
the previous paragraphs, the reduced Jph_p (Si regions) will
bring about the decreases of ISC and gmax, the increases of
VOC are probably resulted from the reductions of Jd0_p,
which are the dominant parts of Jd0 (Jph_n of the InGaN
regions remain no change, thus Jph Jph_n have relatively
large values). The nonzero Qs almost do not affect the J-V
characteristics and PV properties in this case due to the
large VD.
In conclusion, according to the theoretical analysis, for
both SJ and MJ tandem InGaN/Si p-n heterojunction SCs,
the energy peaks on CB and VB could steeply reduce Jd0 and
Jph, and profoundly affect the PV properties of the SCs.
While Qs have little influence on the band structures and the
PV properties except for large values of Qs. The outstanding
PV properties are obtained in the n-InxGa1xN/p-Si SJ SCs
devices with x 0.45.
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FIG. 2. J-V characteristics of the InxGa1xN/Si p-n heterojunction SC mod-
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tions, and x¼ 0.15, 0.45, 0.60 for p-InGaN/ n-Si junctions.
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FIG. 3. The PV properties VOC, ISC, FF and gmax of the InxGa1xN/Si p-n
heterojunction SC models as a function of the In content x for several values
of sheet charge densities Qs in the interfaces. (a1)–(d1) n-InGaN/p-Si junc-
tions. (a2)–(d2) p-InGaN/n-Si junctions. The dashed lines indicate the corre-
sponding values of the n-Si/p-Si SC devices.
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